Schizophrenia (SCZ) is a neuropsychiatric disorder that is linked to social behavioral deficits and other negative symptoms associated with hippocampal synaptic dysfunction. Synaptic mechanism of schizophrenia is characterized by loss of hippocampal N-Methyl-D-Aspartate Receptor (NMDAR) activity (NMDAR hypofunction) and dendritic spines. Previous studies show that genetic deletion of hippocampal synaptic regulatory calcium-calmodulin dependent kinase II alpha (CaMKIIα) cause synaptic and behavioral defects associated with schizophrenia in mice. Although CaMKIIα is involved in modulation of NMDAR activity, it is equally linked to inflammatory and neurotropin signaling in neurons. Based on these propositions, we speculate that nonneurotransmitter upstream receptors associated with neurotropic and inflammatory signaling activities of CaMKIIα may alter its synaptic function. Besides, how these receptors (i.e. inflammatory and neurotropic receptors) alter CaMKIIα function (phosphorylation) relative to hippocampal NMDAR activity in schizophrenia is poorly understood. Here, we examined the relationship between toll-like receptor (TLR4; inflammatory), insulinlike growth factor receptor 1 (IGF-1R; neurotropic) and CaMKIIα expression in the hippocampus of behaviorally deficient schizophrenic mice after we induced schizophrenia through NMDAR inhibition.
this generally involves changes in expression of neurotransmitters (glutamate and dopamine), receptors (NMDAR; N-Methyl-D-Aspartate receptor and D 2 R; Dopaminergic D 2 receptor), and proteins involved in the regulation of their synaptic activities (Nakazawa et al., 2017; Cohen et al., 2015; Dias, 2012; Barkus et al., 2012; Seillier and Giuffrida, 2009 ). As such, most available treatment methods involve the use of antipsychotics that target these receptors (i.e. NMDAR and D 2 R). Side effects of these drugs are a limitation as it often leads to depression, movement disorders and catalepsy (Amodeo et al., 2017; Nakata et al., 2017; Nikvarz et al., 2017; Freyberg et al., 2017; Ibi et al., 2017; Meltzer, 2017; Ostinelli et al., 2017; Su et al., 2017) . Therefore, there is a need for assessment of other synaptic targets that can reduce synaptic and behavioral defects of schizophrenia while circumventing neurotransmitter receptor sensitivity (Yang and Tsai, 2017) .
Despite the limitations, treatment methods that target dopamine and glutamate receptors are laudable based on vastly studied dopamine and glutamate hypothesis of schizophrenia (Yang and Tsai, 2017; Purves-Tyson et al., 2017; Howes et al., 2017) . However, the significance of synaptic regulatory calcium-calmodulin-depended kinase 2 alpha (CaMKIIα) − linked with synaptic function of NMDAR (Hagihara et al., 2014; Hagihara et al., 2013; Purkayastha et al., 2012; Dhavan et al., 2002; Robison et al., 2005) and D 2 R (Ng et al., 2010; Takeuchi et al., 2002; Vekshina et al., 2017) − cannot be over emphasized in schizophrenia. Substantive evidence now exists to confirm that genetic deletion of CaMKIIα is a cause of synaptic and behavioral changes that are characteristic of schizophrenia (Frankland et al., 2008; Matsuo et al., 2009; Yamasaki et al., 2008) . Roles of CaMKIIα in neurons are wide and varied. CaMKIIα is involved in inflammatory signaling that is linked with toll-like receptor 4 (TLR4/NF-κB) (Kaltschmidt et al., 2005; Mémet, 2006) . Additionally, it acts downstream of IGF-1R-Ras/Raf pathway to regulate calcium-mediated synaptic activity of NMDAR (Hu et al., 2016a,b; Le Grevès et al., 2005; Dou et al., 2005) . Based on these propositions, it is logical to speculate that synaptic and inflammatory activity of CaMKIIα are not mutually exclusive. Although CaMKIIα depletion has been implicated in schizophrenia (Matsuo et al., 2009; Yamasaki et al., 2008) , the mechanism through which IGF-1R and TLR4 can putatively affect synaptic CaMKIIα expression in pathophysiology of schizophrenia is poorly understood.
Localization of CaMKIIα at post-synaptic sites enables interactions with neurotrophic factors and receptors involved in synaptic development and maintenance (Hami et al., 2014; Kiray et al., 2014; Sun, 2006; Gunnell et al., 2007; Venkatasubramanian et al., 2010; Demirel et al., 2014) . Moreover, loss of these proteins have been implicated in several developmental neuropsychiatric disorders including schizophrenia (Nelson et al., 2006; Ribasés et al., 2008) . Among these, IGF-1R may alter CaMKIIα expression through Wnt/GSK3 and Ras/Raf signaling in growth, synaptic function, inflammation, and cell death (Pereira et al., 2008) . Furthermore, both IGF-1R and CaMKIIα promotes pre-and postsynaptic calcium movement linked to NMDAR function in the hippocampus during long-term potentiation (LTP) and cognition (Cassilhas et al., 2012; Hu et al., 2016a,b) . In addition to the control of growth and aging, a recent study demonstrates the significance of IGF-1R signaling in presynaptic calcium release and glutamatergic neurotransmission. In their study, Gazit and co-workers show that IGF-1R modulates calcium release from the mitochondria and regulate presynaptic activity of synaptophysin (Gazit et al., 2016) . Equally, IGF-1R signaling alters protein kinase systems (Akt/mTOR and MAPK/ErK) Netchine et al., 2011; Salani et al., 2015) involved in the regulation of neurodevelopment and LTP (Zheng et al., 2012; Kéri et al., 2011; Romanelli et al., 2007) . Owing to its effect on synaptic calcium currents (Gazit et al., 2016) and gene expression (Le Grevès et al., 2005; Le Grevès et al.,2006) , IGF-1R may significantly affect the activity of ionotropic glutamate receptors in normal LTP and disease conditions (Jiang et al., 2015; Demirel et al., 2014; Gunnell et al., 2007) .
The function of CaMKIIα is not restricted to neurotropic regulation of growth, and synaptic function. Downstream of IGF-1R, CaMKIIα can reduce the activity of proinflammatory proteins like NF-κB and MAPK/ ErK, and purigenic receptors such as TLR4 and P2RX 7 (Meffert and Baltimore, 2005; Luo et al., 2008; Gómez-Villafuertes et al., 2015; Huang et al., 2009) . Therefore, a reduction of CaMKIIα activity can lead to inflammation and progression of synaptic dysfunction associated with schizophrenia. Evidently, the expression of TLR4 and associated pro-inflammatory proteins increases in the blood of clinically-diagnosed schizophrenia patients (Venkatasubramanian and Debnath, 2013; Chang et al., 2011; Hansen et al., 2008; McQuillin et al., 2009) . In addition to their involvement in inflammation, proteins like NF-κB and MAPK/ErK − in the TLR4 signaling pathway − are known to reduce synaptic activity of CaMKIIα by increasing CaMKIIα phosphorylation (Meffert and Baltimore, 2005; Han et al., 2009) . Furthermore, MAPK/ErK and CaMKIIα occupy similar sites at post-synaptic densities where MAPK/ErK phosphorylates CaMKIIα during early and late LTP phases (Du et al., 2004; Giovannini et al., 2001; Tsui et al., 2005; Derkach et al., 2007) . Although primarily inflammatory, TLR4 is involved in synaptogenesis as it increases glutamatergic function in the developing brain (Shen et al., 2016; Henneberger and Steinhäuser, 2016) . This is required for the development and formation of synapses by migrating neurons (Shen et al., 2016; Venkatasubramanian and Debnath, 2013) . However, in excess, TLR4-linked glutamate release may induce epileptogenic effects and other forms of excitotoxicity through an upregulated MAPK/ErK signaling (Jiang et al., 2015; Shen et al., 2016; Henneberger and Steinhäuser, 2016) . Since MAPK/ErK also act downstream of IGF-1R (Xing et al., 2016; Dyer et al., 2016; Vahdatpour and Dyer, 2016) , neural activity of TLR4 may overlap with neurotropic cues of IGF-1R and other kinase receptors involved in nervous system development and neural circuit formation (Fig. 1) . Thus, an increased TLR4 signaling may upregulate MAPK/ErK which can abolish IGF-1R signaling and CaMKIIα activities in the brain.
Based on these propositions, we hypothesize that NMDAR-linked CaMKIIα activity in synaptic function and neurotropic signaling are not exclusive of its fate in inflammation. In brief, CaMKIIα modulates synaptic NMDAR function (Mao et al., 2014; Ma et al., 2015; Park et al., 2008; Johnston and Morris, 1995) , and itself (i.e CaMKIIα) can be altered through TLR4 and IGF-1R signaling. Through upregulated MAPK/ ErK, TLR4 may alter synaptic function by reducing IGF-1R signaling. This may lead to a reduced CaMKIIα activation downstream of IGF-1R (Ras/Raf), and increased CaMKIIα phosphorylation (inactivation) by MAPK/ErK. Therefore, decreased TLR4 and upregulated IGF-1R signaling are possible mechanisms through which CaMKIIα activity can be preserved in NMDAR hypofunction. Here, we show that induced loss of NMDAR function can cause hippocampal CaMKIIα loss and decrease IGF-1R signaling. Furthermore, we tested the effectiveness of hippocampal-specific TLR4 knockdown as an intervention method to preserve IGF-1R and CaMKIIα in mice after a persistent NMDAR inhibition.
Materials and methods

Animal strains
Adult C57BL/6 (WT) and transgenic C57BL/TLR4 loxp/loxp (TLR4 floxed mice) weighing between 22-25 g were used for this study. All Animals were procured from Jackson Lab and housed in the LSU School of Veterinary Medicine vivarium. Mice were handled in accordance with the Institutional Animal Care and Use Committee at the Louisiana State University.
CMV-Cre-eGFP; n = 15 mice) was stereotactically injected into the hippocampus (DG/CA1 field) at coordinates [AP −1.93, ML + 2.3 mm, DV + 2.5 mm] relative to the bregma (Franklin and Paxinos, 1997) . AAV cocktails (500 nL) were injected using a low-resistance flamepulled glass pipette (200 μm tip) filled with mineral oil and mounted on a Nanoject (Drummond Instruments, USA). AAV cocktail was drawn into the tip of the pipette and tested for flow before being lowered into the neural tissue at the previously described coordinates. The injections were done in multiple boli (4.6 nL each) at 30 s interval. After the last injection, the pipette stayed in position for 120 s before it was gradually withdrawn. Animals were maintained for a 3-week survival period to allow for adequate gene expression. The set of TLR4 floxed mice expressing Cre in the hippocampus were designated TLR4 knockdown (TLR4 KD) while mice expressing control AAV were designated TLR4 floxed.
NMDAR hypofunction SCZ model
We employed the method previously described by Becker et al. (2003) . Briefly, schizophrenia was induced in mice by administering (intraperitoneal) a sub-chronic dose of the non-selective NMDAR antagonist ketamine (30 mg/Kg body weight) for five consecutive days (n = 20 mice). After the last treatment, the animals were maintained for 4-5 days before being assessed for social interaction behavioral deficits.
Experimental groups
Firstly, we investigated the effect of induced NMDAR hypofunction on neural expression of IGF-1R, TLR4 and CaMKIIα in wild type mice. Therefore, a WT (Control) group was compared with WT mice for which we induced NMDAR hypofunction (WT/SCZ). Subsequently, we created transgenic hippocampal-specific TLR4 knockdown model to test whether attenuation of TLR4 can rescue IGF-1R and CaMKIIα loss after an induced NMDAR hypofunction. For this purpose, we created TLR4 KD SCZ and TLR4 floxed SCZ groups. However, in the analysis, WT, WT/ SCZ, TLR4 floxed SCZ and TLR4 KD SCZ groups were compared.
Sociability and social novelty tests
Social interaction was assessed using the method previously described by Kaidanovich-Beilin et al. (2011) . Mice were habituated in the testing area for 24 h before the commencement of behavioral test (WT: n = 15, WT/SCZ: n = 20; TLR4 floxed SCZ: n = 12 and TLR4 KD SCZ: n = 15). Two smaller holding compartments in the testing area were designated "E (Empty)" in subsequent habituation phase (5 min). At each phase of the test, chamber compartments were wiped clean with 70% isopropyl alcohol to prevent odor specific cues and bias in subsequent behavioral test steps. For the sociability test, a strange mouse (S1 a -stranger 1) was introduced into one compartment while the other compartment remained empty (E). Subsequently, a subject mouse was placed in the test chamber for 5 min. After an inter-trial time of 30 min, chambers were again wiped clean with isopropyl alcohol following which a second strange mouse (S2) was introduced along with the first strange mouse (now S1 b ) into two holding compartments of the sociability chamber (Fig. 2a) . Contact time (secs) with E versus S1 a , and S1 b versus S2 were estimated to determine sociability [S1 a /(E + S1 a )] and social novelty [S2/(S2 + S1 b )] respectively. While "a" represents the first encounter with S1 during sociability test, "b" represents a second encounter with S1 during the social novelty test. Therefore, different time measurements were done at S1 a and S1 b . However, the same animal was used at both stages (Fig. 2a) . Time spent in contact with E, S2, S1 a and S1 b during sociability and social novelty tests were estimated blindly by three investigators using Any-Maze software (Version 5.1; Stoelting Co., Wood Dale, IL).
Silver impregnation
Using Golgi-Cox staining, we examined the morphology of hippocampal dendritic spines in control and behaviorally characterized experimental schizophrenic mice and control (WT: n = 10, WT/SCZ: n = 10; TLR4 floxed SCZ: n = 7 and TLR4 KD SCZ: n = 8). Unfixed specific TLR4 knockdown, we anticipate a reduced MAPK/ErK and NF-κB activity. Ultimately, when NMDAR hypofunction is induced, CaMKIIα loss will be averted − in part − to prevent total synaptic dysfunction. Therefore, NMDAR hypofunction and IGF-1R loss may be reversed in behaviorally deficient schizophrenia mice. Fig. 2 . a) Diagrammatic illustration of the steps involved in the behavioral test paradigm for assessing social behavior after NMDAR hypofunction has been induced in mice. The test involves two separate phases: sociability test and social novelty test. b) Bar chart depicting sociability test outcome in control and NMDAR hypofunction mice. Induced NMDAR hypofunction caused a decline in sociability behavior in WT mice treated with ketamine (WT/SCZ). WT/SCZ mice showed no preference for stranger 1 (S1 a ) versus the empty chamber 'E' (n = 10) when compared with the control (p < 0.01). c) Social Novelty: WT/SCZ mice showed no preference for S2 over S1 b (n = 10). As such, WT/SCZ group was considered deficient in social novelty when compared with the control (p < 0.01). sections were processed using FD Neurotech Golgi staining kit (#PK401A) in accordance with manufacturer's instruction. Subsequent counter staining was done in cresyl fast violet (FD Neurotech; PS102-01) and mounted using histomount medium (National Diagnostics; HS-103). Images were acquired using a Nanozoomer microscope (Hamatsu, USA). Dendritic spine count was done manually for n = 12 consecutive section (serial) per mice. We considered spine count/μm 2 for n = 40
neurons − in CA1/DG field − per animal.
Electron microscopy
Brain sections (150 μm thick) containing the hippocampus were trimmed in cold artificial cerebrospinal fluid using a vibrotome (WT: n = 5, WT/SCZ: n = 7; TLR4 floxed SCZ: n = 6 and TLR4 KD SCZ: n = 6). Sections were rapidly fixed in 2% glutaraldehyde (warmed up to room temperature) and processed for osmium tetroxide staining as described previously by Schmidt et al. (2017) ). Ultrastructural images of the synapses were obtained using a transmission electron microscope (JEOL JEM-1011). Distribution of active synapses was determined by manual counting of post-synaptic densities at (X25,000). Diameter (nm) of post-synaptic density and membrane was measured at high magnification (X100,000).
Western blotting and protein quantification
For this procedure,15 μl hippocampal lysate containing 15 μg of protein was processed for SDS-PAGE electrophoresis (WT: n = 10, WT/ SCZ: n = 10; TLR4 floxed SCZ: n = 10 and TLR4 KD SCZ: n = 10). After subsequent western blotting (wet transfer), Polyvinylidene fluoride membrane (PVDF) was incubated in Tris-buffered saline (with 0.01% Tween 20) for 15 min (TBST) at room temperature. Subsequently, immunoblot membrane was blocked in 3% bovine serum albumin (prepared in TBST) for 50 min at room temperature (25°C). The proteins of interest were detected using the following primary antibodies; Rabbit anti-PSD-95 (Cell Signaling-#3450S), Rabbit anti-GAPDH (Cell Signaling-#5174S), Rabbit anti-GABA B R (abcam#ab166604), Rabbit anti-NMDAR (abcam-#ab17345), Rabbit anti-IGF-1R (Cell Signaling-#3027S), Rabbit anti-NF-κB (Thermofisher-#PA1-186), Mouse anti-TLR4 (abcam-#76B357.1), Mouse anti-CaMKIIα (Cell Signaling-#50049s), Mouse anti-SK2.2/KCNN2 (EMD Millipore-MABN1832), Rabbit anti-Phosphorylated CaMKIIα (Cell Signaling-#12716S), Rabbit anti-MAPK/ErK1/Erk2 (Cell Signaling-#9102S), Rabbit anti-Phosphorylated MAPK/ErK1/ErK2 (Cell Signaling-#4370S). All primary antibodies were diluted in blocking solution at 1:1000. Subsequently, primary antibodies were detected using HRPconjugated secondary antibodies [Goat anti Rabbit-#65-6120 and Goat anti-Mouse-#65-6520 (Invitrogen) at a dilution of 1: 5000 or 1: 10,000. Subsequently, the reaction was developed using a chemiluminescent substrate (Thermofisher-#34579). Protein expression was normalized per lane using the corresponding GAPDH and PSD-95 expression. Average normalized protein expression was determined and compared for WT and WT/SCZ groups in T-Test. Subsequently, all groups (WT, WT/SCZ, TLR4 floxed SCZ and TLR4 KD SCZ) were compared in OneWay ANOVA with Tukey post-hoc test. Statistical analysis was done in GraphPad Prism Version 7.0. Results were presented as bar chart with error bar representing Mean ± SEM respectively.
Immunofluorescence
Animals were deeply anaesthetized with Isoflurane and perfused transcardially through the left ventricle using 10 mM phosphate buffered saline (PBS). Subsequently, 4% phosphate buffered paraformaldehyde (PB-PFA) was introduced for perfusion fixation. Whole brain was excised through cranial dissection and fixed in 4% PB-PFA solution overnight, following which it was transferred to 4% PB-PFA containing 30% sucrose for cryopreservation. Free-floating cryostat sections (40 μm) were obtained and preserved in 24-well plates containing 10 mM PBS at 4°C (WT: n = 15, WT/SCZ: n = 20; TLR4 floxed SCZ: n = 12 and TLR4 KD SCZ: n = 15).
Sections were washed three times (5 min each) in 10 mM PBS (pH 7.4) on a tissue rocker. Subsequently, non-specific blocking was performed in normal goat serum (Vector Labs), prepared in 10 mM PBS + 0.03% Triton-X100, for 2 h at room temperature. Brain sections were incubated in primary antibody overnight at 4°C . Subsequently, sections were washed as previously described and incubated in secondary antibody solution [Goat anti-Rabbit or Mouse Alexa 568, Goat anti-Rabbit Alexa 594 and Goat anti-Guinea Pig Alexa 568 (diluted at 1:1000) prepared in 10 mM PBS, 0.03% Triton X-100 and Normal Goat Serum] at room temperature (2 h). Immunolabeled sections were washed and mounted on gelatin-coated slides using a plain or DAPI containing anti-fade mounting medium (Vector Labs).
Confocal microscopy
Imaging of immunolabeled proteins in brain sections was done using a confocal laser scanner (Olympus FluoView 10i). To estimate neural Tyrosine hydroxylase, VGLUT2, GABA, CaMKIIα, IGF-1R, MAPK/ErK, and KCa2.2 expression we determined the threshold of normalized fluorescence intensity. Additionally, serology was done to determine the count of GFAP positive cells per unit area in brain slices. Determination of fluorescence intensity and cell count was done in Image J (NIH, USA) using methods previously described by Burgess et al. (2010) and McCloy et al. (2014) . For dendritic spine count per unit area, we used Image J and adopted the method previously described by Grishagin (2015) . In all, fluorescence intensity and cell counting was done in n = 10 fields for n = 6 consecutive brain (serial) sections per animal. Average fluorescence intensity and cell count was determined and compared for WT and WT/SCZ group in T-Test. Subsequently, all groups (WT, WT/SCZ, TLR4 floxed SCZ and TLR4 KD SCZ) were compared in One-Way ANOVA with Tukey post-hoc test. Statistical analysis was done in GraphPad Prism Version 7.0. Results were presented as bar chart with error bar representing Mean ± SEM respectively.
Patch-clamp electrophysiology
Mice were decapitated after deep sedation with isoflurane. Whole brain was dissected and kept in ice-cold oxygenated artificial cerebrospinal fluid [aCSF; in mM 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 and 25 Glucose]. Coronal slices exposing the hippocampus (500 μm thick) were obtained in cold oxygenated aCSF using a vibrotome and were immediately transferred into an oxygenated aCSF bath maintained at 34°C. After a recovery period of 1 h, brain slices were transferred to a perfusion chamber mounted on the stage of an upright Olympus BX 51 Microscope (Olympus America, Center Valley, PA). Freshly aliquoted 3 mg of Amphotericin B was dissolved in 50 μl of dimethyl sulfonate (DMSO) and stored at −20°C. Subsequently, 8 μl of Amphotericin B solution was added to 2 ml of intracellular pipette solution (0.24 mg/ml) [in mM 135 Potassium gluconate, 7 NaCl, 10 4-(2hydroxy ethyl)-1-piperazineethanesulfonic gluconate, 1-2 Na 2 ATP, 0.3 Guanosine Trisphosphate (GTP) and MgCl 2 ; pH was adjusted with KOH and final Osmolality was set at 290mOsm] following which it was kept on ice and stored away from light. Flame pulled low resistance glass pipette electrode (3-5 MΩ) was prepared on a Flaming/Brown P-97 Micropipette puller (Stutter Instruments, Novato, CA) and filled with an intracellular solution containing Amphotericin B. Using a micromanipulator, a glass electrode was visually guided to the surface of a neuron following which negative pressure was applied to create a perforated patch. After 12-15 min, we isolated single-cell excitatory evoked potentials in current clamp mode. Only cells with access resistance of 5-20 MΩ were recorded (WT: n = 5, WT/SCZ: n = 10; TLR4 floxed SCZ: n = 7 and TLR4 KD SCZ: n = 6). Injected step currents were used to evoke changes to membrane potentials that were detected using a Multiclamp 700 B Amplifier and Digidata 1440A digital acquisition system (Molecular Instruments). Analysis of recorded membrane potentials was done in ClampFit (Axon Instrument, Sunnyvale, CA). Frequency of action potential was determined and compared across all groups (WT, WT/SCZ, TLR4 floxed SCZ and TLR4 KD SCZ) in One-Way ANOVA with Tukey post-hoc test. Statistical analysis was done in GraphPad Prism Version 7.0. Results were presented as bar chart with error bar which represents the mean and standard error of mean respectively (Mean ± SEM).
Results
Persistent NMDAR blockade caused social behavioral defects in WT mice
After an induced NMDAR hypofunction, we assessed behavioral change in pharmacologic mouse model of schizophrenia. Mice were tested in a social interaction chamber in order to evaluate sociability and social novelty behavior as illustrated in Fig. 2a . Using the scoring methods previously described by Kaidanovich-Beilin et al. (2011) , schizophrenic animals show no preference for a strange mouse (S1 a ) over an empty compartment (E) in the sociability chamber (sociability test) when compared with untreated WT mice ( Fig. 2b ; p < 0.01). Similarly, in social novelty test, schizophrenic mice show no preference for a second strange mouse (S2) over the first strange mouse (S1 b ) when compared with WT ( Fig. 2c ; p < 0.01). 
Neurochemical characterization of NMDAR hypofunction model of schizophrenia
We measured corticostriatal tyrosine hydroxylase expression (fluorescence intensity) in behaviorally deficient schizophrenic mice through immunofluorescence and confocal microscopy. Tyrosine hydroxylase expression reduced significantly in dopaminergic neuronal projections in the prefrontal cortex (PFC) of behaviorally deficient mice in which we had previously induced NMDAR hypofunction ( Fig. 2d-e ; p < 0.05). Conversely, there was a significant increase in striatal tyrosine hydroxylase positive terminals in behaviorally deficient schizophrenic mice ( Fig. 2f-g; p < 0.01) . Going by the dopamine hypothesis of schizophrenia, our results show that pharmacologically induced NMDAR hypofunction can cause cortical hypodopaminergia and striatal hyperdopaminergia.
To determine the effect of induced NMDAR hypofunction on glutamatergic synaptic function, we measured the expression of vesicular glutamate transporter protein in the PFC of behaviorally deficient schizophrenic mice. The outcome demonstrates a significant decrease in cortical VGLUT2 expression after a persistent inhibition of brain NMDAR function (Fig. 2h-i) . This outcome further supports occurrence of schizophrenic pathophysiology in our pharmacologic mouse model. In agreement with the glutamate hypothesis of schizophrenia, induced NMDAR hypofunction was linked to an abolished vesicular glutamate release in the cortex ( Fig. 2h-i ; p < 0.01). In support of a significant change in neural function, we examined the distribution of inhibitory neurotransmitters − GABA − in the hippocampus of behaviorally deficient schizophrenic mice. Our results show a significant decrease in cortical GABA expression after an induced NMDAR hypofunction ( Fig. 2j-k ; p < 0.01). Furthermore, GABAergic terminals appeared as clusters around scanty pyramidal neurons in Layer IV of the PFC. Since PFC GABAergic neurons are involved in the mitigation of learning and cognition (de Jonge et al., 2017; Nakazawa et al., 2017) our results suggest that induced NMDAR hypofunction may facilitate behavioral change in part by altering cortical GABAergic function. Therefore, ablation of NMDAR function altered behavior by modulating ionotropic neurotransmission involving Glutamatergic, GABAergic, and Dopaminergic neurons.
NMDAR hypofunction increased hippocampal pro-inflammatory signaling
In addition to a change in ionotropic neurotransmission, our results show a significant increase in pro-inflammatory proteins in the brain of schizophrenic mice in which we had previously blocked NMDAR activity. Based on our hypothesis, we anticipate that a change in synaptic NMDAR activity will be associated with increased inflammatory response that is linked with TLR4 signaling. In support of this proposition, our results show an increased TLR4 ( Fig. 3a-b ; p < 0.05) and NF-κB expression ( Fig. 3c-d ; p < 0.05) in hippocampal lysate of behaviorally deficient schizophrenic mice. Additionally, NF-κB expression significantly increased astrocyte-like cells in brain sections of schizophrenic mice (p < 0.01) when compared with the control in immunofluorescence (Fig. 3e-f) . Similarly, there was significant increase in GFAP positive cells (astrocyte) in the brain of schizophrenic mice when compared with the control (p < 0.01; Fig. 3g-h) . Together, our results show that an induced NMDAR hypofunction can lead to behavioral defects of schizophrenia in part by mediating changes in neurotransmission and inflammatory response in the brain.
NMDAR hypofunction alters neural IGF-1R through upregulated MAPK/ErK
Consequent to an upregulated TLR4/NF-κB expression (inflammation) and defective neurotransmission in behaviorally deficient mice, we asked whether a persistent inhibition of NMDAR function can alter neurotropic receptor (IGF-1R) expression in the brain. In support of our hypothesis (Fig. 1) , induced NMDAR hypofunction led to a significant loss of IGF-1R in the hippocampus of schizophrenic mice. This was evident in immunofluorescence (p < 0.001; Fig. 4a-b) and immunoblot (p < 0.001; Fig. 4c-d ) quantification by which we compared hippocampal IGF-1R expression for control and schizophrenic mice.
To ascertain the relationship between upregulated TLR4/NF-κB, and IGF-1R depletion, we determined relative expression and phosphorylation of neural MAPK/ErK in the hippocampus of schizophrenic mice. In our hypothesis, we proposed that an upregulated TLR4 may significantly increase MAPK/ErK signaling through NF-κB-linked ErK activation. As such, an increased MAPK/ErK may consequently cause a decrease in IGF-1R signaling through negative regulation. The outcome of this aim laudably supports the proposition. Our results show that a decrease in IGF-1R expression was accompanied by a significant increase in hippocampal MAPK/ErK expression when assessed through immunofluorescence ( Fig. 4e-f ; p < 0.01) and immunoblot quantification (p < 0.01; Fig. 4g-h ). Furthermore, we observed a significant increase in phosphorylated MAPK/ErK in hippocampal lysate of schizophrenic mice (p < 0.05; Fig. 4i-j) when compared with the control. Thus, we inferred that induced NMDAR hypofunction can increase TLR4 signaling though upregulated NF-κB and phosphorylated (activated) MAP/ErK signaling. Furthermore, through increased MAPK/ErK activity, TLR4 may attenuate IGF-1R expression.
Loss of IGF-1R and increased TLR4 signaling led to a depletion of hippocampal CaMKIIα
Currently, our results show that induced NMDAR hypofunction modulates synaptic, inflammatory, and neurotropic changes that are associated with neural IGF-1R function. However, from our hypothesis, we are yet to determine whether induced NMDAR hypofunction can cause hippocampal CaMKIIα loss similar to IGF-1R. If this part of the hypothesis is valid, will TLR4 contribute to IGF-1R and CaMKIIα loss in NMDAR hypofunction-linked schizophrenia? Here, we show that a NMDAR hypofunction-linked IGF-1R depletion was also associated with a significant decrease in hippocampal CaMKIIα alpha expression as illustrated by immunofluorescence quantification (Fig. 5a-b ). As such, behaviorally-deficient schizophrenic mice show a significant loss of CaMKIIα in the hippocampus when compared with the control (p < 0.001). Additionally, we demonstrate a significant increase in CaMKIIα phosphorylation in hippocampal lysate of schizophrenic mice when compared with the control ( Fig. 5c-d ; p < 0.01). This outcome supports our hypothesis (Fig. 1) as an increased NF-κB and pMAPK/ ErK1/ErK1 can increase CaMKIIα loss through its phosphorylation (inactivation). Taken together, we infer that a change in NMDAR activity in the brain of behaviorally deficient schizophrenic mice may be an effect of CaMKIIα loss that is mediated by MAPK/ErK activation which is associated with IGF-1R loss, and (or) an increased TLR4 signaling.
Tissue specific TLR4 knockdown in the hippocampus
To determine if a functional relationship exists between TLR4 signaling and attenuated IGF-1R/CaMKIIα activity, we created a hippocampal-specific TLR4 knockdown by expressing AAV-Cre in the hippocampus of TLR4 floxed mice (Fig. 6a-b) . Equally, control TLR4 floxed mice express AAV-CMV-eGFP in the hippocampus and show no morphological difference when compared with WT (control) hippocampus ( Fig. 6c-d) . Expression of control and Cre-dependent viral vectors in neurons was verified by fluorescence imaging of reporter protein (eGFP; Fig. 6d) . A successful TLR4 knockdown was further validated by immunoblot quantification of TLR4 in hippocampal lysate (Fig. 6e) . As shown in Fig. 6f (bar graph) , AAV-CMV-Cre expression in TLR4 floxed mice caused a significant decrease in hippocampal TLR4 expression (p < 0.01).
TLR4 knockdown prevented NMDAR hypofunction-linked IGF-1R and CaMKIIα loss
After confirming TLR4 knockdown in the of hippocampus floxed mice, we induced NMDAR hypofunction as described previously for wild type mice. Interestingly, our result shows a sustained IGF-1R expression in the hippocampus of TLR4 KD SCZ mice when compared with WT expression in immunofluorescence (Fig. 7a-b ) and western blots (Fig. 7c-d) . Like the outcome for WT/SCZ mice, TLR4 floxed SCZ mice show a prominent loss of hippocampal IGF-1R when compared with WT (control; Fig. 7a-d) . No significant change was recorded when we compared IGF-1R expression for TLR4 KD SCZ and untreated WT mice. Conversely, TLR4 floxed SCZ mice recorded a significant decrease in neural IGF-1R expression when compared with the control in immunofluorescence (p < 0.001; Fig. 7a-b) and western blot (p < 0.001; Fig. 7c-d) .
In addition to preventing NMDAR hypofunction-linked IGF-1R loss, TLR4 knockdown attenuated MAPK/ErK expression in the hippocampus. As such, no significant change in MAPK/ErK was recorded in the hippocampus of TLR4 KD SCZ mice when compared with the control (Fig. 7e-f) . Conversely, there was a significant increase in MAPK/ ErK in the hippocampus of TLR4 floxed SCZ mice after an induced NMDAR hypofunction ( Fig. 7e-f ; p < 0.01). In support of this outcome, there was no significant change for percentage phosphorylated MAPK/ErK in hippocampal lysate of TLR4 KD SCZ mice when compared with the control (Fig. 7g-h) . However, percentage phosphorylated MAPK/ErK increased significantly for TLR4 floxed and WT mice after NMDAR hypofunction was induced (p < 0.05; Fig. 7g-h) .
Based on our hypothesis, a decrease in IGF-1R and increased TLR4 signaling may be associated with hippocampal CaMKIIα depletion in schizophrenia. Since TLR4 knockdown prevented IGF-1R loss, we asked whether a rescued IGF-1R signaling can prevent CaMKIIα loss after NMDAR hypofunction is induced. In addition to preventing IGF-1R loss, TLR4 knockdown attenuated hippocampal CaMKIIα loss that is linked to induced NMDAR hypofunction. As such, no significant change was observed when we compared hippocampal CaMKIIα expression for TLR4 KD SCZ and WT (control) mice ( Fig. 8a-b ; p < 0.001). Additionally, TLR4 knockdown attenuated CaMKIIα phosphorylation as shown in western blots ( Fig. 8c-d) . Versus WT/SCZ and TLR4 floxed SCZ, p-CaMKIIα was significantly lower after NMDAR hypofunction has been induced (p < 0.01; Fig. 8c-d) . As a confirmation of reduced neuronal TLR4 activity, there was no significant increase in NF-κB expression for TLR4 KD SCZ mice after NMDAR hypofunction is induced (Fig. 8e-f ). Taken together, we deduce that hippocampal-specific TLR4 knockdown reduced NF-κB and MAPK/ErK signaling events that are associated with NMDAR hypofunction. As such, MAPK/ErK-mediated IGF-1R depletion and CaMKIIα phosphorylation were abolished (Fig. 8g) .
TLR4 knockdown averted SCZ behavioral deficits linked with NMDAR hypofunction
Physiological implication of our results is further supported by behavioral test outcomes for TLR4 KD SCZ and TLR4 floxed mice. In spite of an induced NMDAR hypofunction, TLR4 KD SCZ mice recorded no significant change in social interaction behavior when compared with the control (Fig. 9a-c) . In sociability and social novelty test, TLR4 KD SCZ mice exhibited a significant preference for S1 a over E (p < 0.05), and for S2 over S1 b (p < 0.05; Fig. 9a-c) . However, TLR4 floxed SCZ mice recorded no significance in differential exploration time for S1 a /E or S2/S1 b when compared with the WT/SCZ. Based on these outcomes, we infer that TLR4-mediated depletion of IGF-1R and CaMKIIα is a possible mechanism for synaptic dysfunction and behavioral abnormalities that is linked with NMDAR hypofunction-induced schizophrenia.
TLR4 knockdown prevented alterations in hippocampal synaptic function
As a confirmation of physiological change in synaptic function after NMDAR hypofunction and TLR4 knockdown, we evaluated frequency of evoked action potential in hippocampal neurons of WT, WT/SCZ, TLR4 floxed SCZ, and TLR4 KD SCZ mice. In behaviorally deficient schizophrenic mice (WT/SCZ and TLR4 floxed SCZ) there was a significant decrease in action potential when compared with the control (p < 0.001; Fig. 9d-f) . However, in TLR4 KD SCZ, no significant change in action potential was recorded in whole cell patch clamp recording; versus the control (Fig. 9d-e) . Based on our hypothesis, in addition to modulation of NMDAR-dependent synaptic function, CaM-KIIα regulates the activity of calcium activated potassium channels. In support of CaMKIIα-linked synaptic dysregulation, there was a significant increase in K+ after hyperpolarization currents in WT/SCZ and TLR4 floxed SCZ neurons when assessed in acute slice physiology. This may be associated with CaMKIIα loss or increased MAPK/ErK phosphorylation of pore-forming sub-units within these channels (i.e KCa.2.). To validate physiological dysregulation of CaMKIIα, there was a significant increase in hippocampal KCa2.2 expression when the channel was co-localized with PSD-95 in immunofluorescence. The most significant hippocampal KCa2.2 expression was seen in WT/SCZ (p < 0.001) and TLR4 floxed SCZ (p < 0.01; Fig. 10a-b) hippocampus versus the control. Since TLR knockdown rescued CaMKIIα loss, there was no significant change in KCa2.2 expression when we compared TLR4 KD SCZ mice with control (WT; Fig. 10a-b) .
Other evidence supporting effectiveness of TLR4 knockdown as a tool to rescue synaptic dysfunction include a sustained NMDAR and GABA B R expression in the hippocampus of TLR4 KD SCZ mice when compared with the control (Fig. 10c-e) . Conversely, WT/SCZ and TLR4 floxed mice show a significant decrease in hippocampal NMDAR (p < 0.01 and p < 0.05) and GABA expression (p < 0.01 and p < 0.01) in the hippocampus after NMDAR hypofunction was induced ( Fig. 10c-e) 
TLR4 knockdown rescued changes in spine morphology
Using Golgi staining, we examined the morphology and count of dendritic spines on hippocampal neurons in the CA1-DG field (Fig. 11a-c) . We found that both CA1 (p < 0.001; Fig. 11a-b ; p < 0.001) and DG dendritic spines ( Fig. 11a and c ; p < 0.001) were lost in the hippocampus of behaviorally deficient schizophrenic WT/ SCZ and TLR4 floxed SCZ mice. Ultimately, in TLR4 knockdown mice (TLR4 KD SCZ) dendritic spine changes were significantly attenuated after an induced NMDAR hypofunction when compared with the control (Fig. 11a-c) . In support of this outcome, all experimental SCZ group show a significant decrease in the thickness of post-synaptic densities when examined in TEM photomicrographs ( Fig. 11d-e ; p < 0.001). However, threshold of PDS-95 loss was significantly attenuated in TLR4 KD SCZ mice when compared with WT/SCZ and TLR4 floxed SCZ groups (p < 0.05; Fig. 11d-e) . Taken together, we deduce that hippocampal-specific TLR4 knockdown can attenuate synaptic changes that are associated with NMDAR hypofunction induced schizophrenia.
Discussion
Pathophysiology of schizophrenia has long been perceived from "neurotransmitter imbalance" and "neurotransmitter receptor sensitivity" perspectives. Based on these school of thoughts, the dopamine Fig. 7 . a) Illustrative confocal images (scale bar = 20 μm) show a sustained hippocampal IGF-1R expression for TLR4 knockdown mice (TLR4 KD) after NMDAR hypofunction was induced (TLR4 KD SCZ). As such, TLR4 KD SCZ mice recorded an upregulated hippocampal IGF-1R expression when compared with TLR4 floxed SCZ and WT/SCZ mice (p < 0.001). Additionally, there was no significant difference when TLR4 KD SCZ was compared with WT (control). b) Bar chart depicting a comparative hippocampal IGF-1R expression (fluorescence intensity) for WT, WT/SCZ, TLR4 floxed SCZ, and TLR4 KD SCZ mice (One-Way ANOVA). c) Immunoblots show a sustained neural IGF-1R expression in hippocampal lysate of TLR4 KD SCZ mice when compared with the TLR4 floxed SCZ mice (p < 0.001). TLR4 floxed SCZ mice show a reduction in IGF-1R (p < 0.001) when compared with the control (WT). d) Bar chart showing normalized IGF-1R protein level in hippocampal brain lysate of WT, WT/SCZ, TLR4 floxed SCZ, and TLR4 KD SCZ mice. e) Representative confocal images show increased MAPK/ErK1/ErK2 expression for TLR4 floxed SCZ (p < 0.01) but not TLR4 KD SCZ mice after NMDAR hypofunction was induced; versus the control (WT). f) Bar chart illustration of hippocampal MAPK/ErK1/ErK2 expression for WT, WT/SCZ, TLR4 floxed SCZ, and TLR4 KD SCZ mice. g) Immunoblots show a change in MAPK/ErK1/ErK2 and pMAPK/ErK expression in hippocampal lysate of TLR4 floxed SCZ and TLR4 KD SCZ mice. There was a significant decrease in percentage phosphorylated MAPK/ErK (pMAPK/ErK) for TLR4 KD SCZ mice when compared with TLR4 floxed SCZ and WT/SCZ mice (p < 0.05). h) Bar chart depicts comparative (One-Way ANOVA) percentage phosphorylation of MAPK/ErK in hippocampal lysate of WT, WT/SCZ, TLR4 floxed SCZ, and TLR4 KD SCZ mice.
hypothesis, and later a glutamate hypothesis of schizophrenia was proposed. These principles were also reflected in the treatment approach to schizophrenia. To date, most drugs available to treat schizophrenia target either dopamine and or glutamate receptors in the brain (Amodeo et al., 2017; Su et al., 2017) . However, these treatment methods have been plagued with receptor sensitivity problems that may arise from prolonged use of antipsychotics like dopaminergic receptor antagonist (haloperidol) and glutamate receptor blocker (ketamine) (Ostinelli et al., 2017; Nikvarz et al., 2017) . Recent advances in the study of schizophrenia now focus on the role of proteins that are associated with dysregulation of receptor function rather than the receptor itself.
Previous work by Yamasaki and colleagues demonstrated that genetic deletion of synaptic regulatory CaMKIIα caused synaptic and behavioral features of schizophrenia in mice (Yamasaki et al., 2008; Matsuo et al., 2009) . CaMKIIα is important in schizophrenia because of its role in NMDAR function (Mao et al., 2014; Ma et al., 2015) . Despite the several causes of schizophrenia (NIH-NIMH, 2017; SARDAA, 2017), loss of NMDAR function has been described as a unifying factor in disease progression (Balu et al., 2013; Balu and Coyle, 2014; Coyle, 2012; Dienel et al., 2017; Gao and Snyder, 2013) . Since CaMKIIα facilitates the activity of NMDAR during long term potentiation (LTP) (Mao et al., 2014; Ma et al., 2015) , we inferred that upstream receptors that can increase CaMKIIα activity might rescue NMDAR function in schizophrenia. Equally, upstream receptors that can reduce CaMKIIα function may promote NMDAR hypofunction that is associated with schizophrenia. Here, we identified IGF-1R (a neurotrophin receptor) and TLR4 (a proinflammatory receptor) as potential non-neurotransmitter regulators of CaMKIIα function. While IGF-1R can increase CaMKIIα (Hu et al., 2016a,b; Le Grevès et al., 2005; Dou et al., 2005) , TLR4 can reduce CaMKIIα activity (Mémet, 2006; Kaltschmidt et al., 2005) . However, how IGF-1R/TLR4 cross-talk in CaMKIIα function affects NMDAR activity in schizophrenia is poorly understood.
Taken together, the outcomes of this study show that induced NMDAR hypofunction is a cause of corticostriatal dopaminergic, glutamatergic and GABAergic changes which is required for characterization of disease model. Although CaMKIIα deletion is a cause of schizophrenia, here, we show that induced NMDAR hypofunction can facilitate hippocampal CaMKIIα loss in behaviorally deficient schizophrenia mice. Ultimately, we verified our hypothesis by confirming that NMDAR hypofunction-induced CaMKIIα loss involved IGF-1R depletion. Conversely, TLR4 knockdown prevented IGF-1R and CaMKIIα loss Fig. 9 . a) Bar chart illustrating sociability test outcome for WT, WT/SCZ, TLR4 floxed SCZ, and TLR4 KD SCZ mice (One-Way ANOVA). TLR4 KD SCZ mice show an improvement in sociability behavior by expressing preference for S1 a over E (p < 0.05) versus TLR4 floxed SCZ and WT/SCZ mice. Conversely, TLR4 floxed SCZ mice recorded a decline in sociability behavior like the WT/SCZ. b) Bar chart illustrating social novelty test outcome for WT, WT/SCZ, TLR4 floxed SCZ, and TLR4 KD SCZ mice (One-Way ANOVA). TLR4 KD SCZ mice showed an improvement in social novelty with preference for S2 over S1 b . TLR4 floxed SCZ mice recorded a decline in social novelty like the WT/SCZ group (p < 0.05). c) Drawing of traced movement path for TLR4 KD SCZ mice in sociability and social novelty tests. d) NMDAR hypofunction (WT/SCZ) caused a significant decrease in the frequency of evoked action potential (Hz) in hippocampal neurons when compared with the control (n = 7; p < 0.001). Similarly, TLR4 floxed SCZ neurons recorded a decrease in frequency action potential (mV) after NMDAR hypofunction was induced (p < 0.001). Interestingly, TLR4 KD SCZ neurons recorded no significant change in evoked action potential when compared with the control (ns). Together, control (WT) and TLR4 KD SCZ mice were characterized by tonic firing while WT/SCZ and TLR4 floxed SCZ neurons exhibited an irregular gap firing pattern. e) Hippocampal neurons of WT/SCZ and TLR4 floxed SCZ mice elicited abnormally prolonged K + -linked after-hyperpolarization phase (AHP) (n = 9); versus the control (WT). No abnormal AHP was recorded for TLR4 KD SCZ hippocampal neurons. f) Bar chart show a change in frequency of action potential for hippocampal neurons of WT/SCZ, TLR4 floxed SCZ, and TLR4 KD SCZ mice. g) Location of the patch pipette electrode (arrow head) in the hippocampus (scale bar = 100 μm) during acute slice electrophysiological (patch clamping) recording.
in mice after a persistent inhibition of NMDAR.
IGF-1R and TLR4 can regulate synaptic CaMKIIα
In our working model, we consider the synaptic regulatory activity of CaMKIIα in normal and schizophrenic synapses (Fig. 1) . During normal synaptic function, CaMKIIα promotes NMDAR-linked calcium currents through NR sub-units of NMDAR (Mao et al., 2014; Ma et al., 2015) . At the same time, CaMKIIα inhibits surrounding calcium-activated potassium channels (KCa2.2) by blocking the calcium-binding sites on the intracellular domain of the channel thereby preventing potassium efflux during an action potential (Allen et al., 2007; Dai et al., 2009; Lin et al., 2008) . At the end of a synaptic potential, CaMKIIα phosphorylation by MAPK/ErK leads to its inactivation therefore terminating NMDAR-driven calcium current (Giovannini et al., 2001 ) and allowing KCa2.2-dependent K+ movement (Allen et al., 2007; Lin et al., 2008) . This process, with contributions from AMPAR receptors, represents part of synchronous Ca 2+ -K + oscillation (Lisman and Zhabotinsky, 2001; Lisman et al., 2002) . Presynaptic IGF-1R can directly alter the LTP process through its effect on presynaptic calcium release and vesicle transport (Gazit et al., 2016) . Additionally, post-synaptic IGF-1R contributes to kinase regulation of CaMKIIα (Gazit et al., 2016; Chiu and Cline, 2010 ). Therefore, factors that can cause a decrease in IGF-1R will reduce both presynaptic and post-synaptic function. Equally, a sustained and regulated IGF-1R signaling will preserve presynaptic vesicle transport and post-synaptic CaMKIIα function. By maintaining CaMKIIα function, a sustained IGF-1R expression will promote NMDAR function and inhibit KCa2.2 during LTP. However, an increased TLR4 signaling maintains NF-κB and MAPK/ErK (Venkatasubramanian and Debnath, 2013; García-Bueno et al., 2016; McKernan et al., 2011) . Since both proteins can phosphorylate CaMKIIα, an increased TLR4 signaling can negatively regulate CaMKIIα expression and increase synaptic dysfunction in schizophrenia (Kéri et al., 2017) . In addition to reducing CaMKIIα-linked NMDAR current, MAPK/ErK can also phosphorylate pore forming subunits of potassium channels (Barros et al., 2012; Gustina and Trudeau, 2011; Schrader et al., 2006; English and Sweatt, 1997; Selcher et al., 2003) thereby contributing to synaptic dysfunction.
To test our hypothesis on the mechanisms through which TLR4 and IGF-1R can putatively regulate synaptic CaMKIIα function, we characterized our model of schizophrenia using previously described behavioral and synaptic characteristics (Gao and Snyder, 2013; Nakata et al., 2017; Yamasaki et al., 2008; Matsuo et al., 2009; KaidanovichBeilin et al., 2011) . After an induced NMDAR hypofunction in mice, there was significant loss of dendritic spine (Fig. 11a-c and d-e) and reduced synaptic potential (Fig. 9d-g ) in hippocampal neurons. In addition to corticostriatal neurotransmitter changes (Fig. 2d-i) , there was a significant dysregulation of glutamatergic (VGLUT2: Fig. 2h-i NMDAR: Fig. 10c-d) and GABAergic functions (GABA: Fig. 2j -k GA-BA B R: Fig. 10c and e) in the brain schizophrenic mice. Furthermore, experimental animals were characterized by deficiencies in sociability and social novelty tests (Fig. 2a-c ) similar to the observation for other experimental models of schizophrenia (Gao and Snyder, 2013; Becker et al., 2003; Yamasaki et al., 2008; Kaidanovich-Beilin et al., 2011) .
CaMKIIα dysregulation is mediated through increased KCa2.2 activity in schizophrenia
Our results show that an induced NMDAR hypofunction is a cause of CaMKIIα and IGF-1R loss in the hippocampus of schizophrenic mice. In support of these outcomes, there was a significant reduction in synaptic potentials and increased after-hyperpolarization current that is linked with synaptic CaMKIIα dysfunction (Fig. 9d-f) , and consequent upregulated KCa2.2 function (Fig. 10a-b) . Based on our hypothesis, we deduced that increased neural TLR4 signaling contributed significantly to loss of CaMKIIα and IGF-1R after a persistent inhibition of NMDAR. As such, an increase in MAPK/ErK and NF-κB in schizophrenia can promote synaptic dysfunction through depletion of hippocampal IGF-1R and CaMKIIα. Ultimately, this may lead to a dysfunctional synaptic potential through loss of NMDAR-linked synaptic potentials, upregulated KCa2.2-mediated after-hyperpolarization effect.
Since CaMKIIα and MAPK are co-localized at PSDs (Giovannini et al., 2001; Tsui et al., 2005) , we ask whether a change in MAPK phosphorylation of KCa2.2 was involved in the modulation of KCa2.2 function. Our results illustrate that an increase in MAPK/ErK was associated with increased KCa2.2 expression and AHP currents in the schizophrenic brain after NMDAR hypofunction was induced (Fig. 9a-b) . Furthermore, in TLR4 knockdown hippocampus, there was a significant decrease in MAPK/ErK, KCa2.2 activity and AHP currents in patch clamping electrophysiology (Fig. 9d-f) . As evidence of a Fig. 11 . a) Photomicrographs show Golgi-Cox stained hippocampal neurons. At higher magnification, the distribution of dendritic spines was quantified serologically in the hippocampus. WT/SCZ and TLR4 floxed SCZ mice showed a significant decrease in CA1 (p < 0.001) and DG (p < 0.001) dendritic spine count when compared with the control. In subsequent analysis, TLR4 floxed SCZ mice showed a significant decrease compared with the WT/SCZ group (CA1: p < 0.05, DG: p < 0.01). In TLR4 KD SCZ loss of dendritic spines was significantly attenuated when compared with the other experimental SCZ groups (p < 0.05), but was less versus the control (p < 0.05; scale bar = 20 μm, 5 μm). b,c) Bar chart depicting statistical change in DG/CA1 dendritic spine count for the experimental SCZ groups and control. d) Transmission Electron Microscopic images (scale bar = 500 nm, 100 nm) show change in synaptic morphology for the experimental SCZ groups when compared with the control. WT/SCZ and TLR4 floxed SCZ mice show decreased post-synaptic density thickness (nm; bright red arrow heads) when compared with the control (WT; p < 0.001). Additionally, WT/SCZ and TLR4 floxed SCZ recorded a significant increase in synaptic cleft diameter when compared with the control (p < 0.001). These changes were attenuated in TLR4 KD SCZ hippocampus. e) Bar chart show statistical change in post-synaptic density thickness for the experimental SCZ groups when compared with the control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) change in post-synaptic function and morphology, a significant decrease in PSD thickness was recorded in ultrastructural analysis hippocampal synapses from behaviorally deficient schizophrenic mice (Fig. 11d-e) . Interestingly, hippocampal-specific TLR4 knockdown attenuated changes in synaptic morphology that are associated with NMDAR hypofunction schizophrenia (Fig. 9, Fig. 10, Fig. 11a-e) . Notably, as shown in Fig. 9d-f and Fig. 11d -e, loss of synaptic function and PSD were averted in the TLR4 KD SCZ mice when compared with WT/SCZ and TLR4 floxed mice. The physiological impact of TLR4 knockdown was ultimately assessed by evaluating social interaction behavior of the animals. WT and TLR4 floxed mice recorded significant defect in social interaction after an induced NMDAR hypofunction (Fig. 2a-c, Fig. 9a-c) . However, when NMDAR hypofunction was induced after TLR4 knockdown (TLR4 KD SCZ) the animals show no significant change in social interaction behavior when compared with WT (control; Fig. 9a-c) . These outcomes suggest a therapeutic significance for IGF-1R and TLR4-linked CaMKIIα signaling in schizophrenia.
TLR4 knockdown rescued IGF-1R/CaMKIIα expression in schizophrenia
Elements of the TLR4 signaling pathway have been shown to be upregulated in human schizophrenia and psychosis patients (McKernan et al., 2011; García-Bueno et al., 2016) . The threshold of TLR4 signaling in schizophrenia is dependent on the use of antipsychotic agents and polymorphism in proteins associated with TLR4 receptor activation (García-Bueno et al., 2016 ). Our results demonstrate that induced NMDAR hypofunction can facilitate TLR4 signaling. Specifically, we identify the upregulation of MAPK/ErK and NF-κB as possible mechanisms through which TLR4 signaling may facilitate the progression of synaptic changes relative to NMDAR hypofunction schizophrenia.
Based on our results, some of the synaptic changes that may be attributable to increased TLR4 signaling in schizophrenia include: increased CaMKIIα phosphorylation by MAPK/ErK and NF-κB, dis-inhibition of KCa2.2 due to CaMKIIα phosphorylation, hyperactivation of KCa2.2 through MAPK-linked phosphorylation of its pore forming subunit, and downregulation of IGF-1R due to increased MAPK/ErK signaling downstream of TLR4. Consequently, decreased MAPK/ErK expression and phosphorylation are crucial to the mechanism through which TLR4 knockdown may prevent dysregulation of CaMKIIα and IGF-1R in the hippocampus of schizophrenic mice. Despite our progress, there are several areas of this interaction yet to be clarified. To date, it is unclear if IGF-1R signaling, is a cause or an effect of CaMKIIα loss in most schizophrenia mouse models. Furthermore, how TLR4 mediates NMDAR-linked IGF-1R and CaMKIIα loss is still poorly understood. There is a need for additional studies to determine if over expression of IGF-1R can be of therapeutic significance in schizophrenia. Furthermore, significance of this interaction needs to be investigated further in genetic models of schizophrenia.
Conclusions
We have shown the significance of TLR4 in upregulation of MAPK/ ErK in NMDAR hypofunction schizophrenic-mouse model. This is characterized by a decrease in hippocampal IGF-1R/CaMKIIα, and social interaction behavioral deficits. Ultimately, hippocampal TLR4 knockdown rescued IGF-1R/CaMKIIα decline and prevented behavioral deficits by reducing MAPK/ErK expression.
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